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EXECUTIVE SUMMARY

This presentation reviews the technological status and prospects for transition to military and
commercial applications for a variety of High Energy Laser (HEL) systems. Specific topics
include available platforms, beam control systems (BCS's), local and target loop jitter, power
and weight scaling issues, and laser architecture. The principle candidate laser systems
discussed include the Chemical Oxygen Iodine Laser (COIL), and bulk solid state lasers.
Finally, recently developed ceramic materials and advanced solid state laser concepts such as
thin disks and high efficiency diode lasers are reviewed.
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S6 Chemical - EDL's - Solid State Laser
tMSAIIM irnCS[.. .•

HIGH ENERGY LASERS

Transitioning HEL 's
To

Commercial Viability
CLEAREM

FOR PUBLIC RELEASE

xlplvlc 0 stsDr. Vein Schlie2

SSL-IL-.~I~34Directed Energy Directorate (AFRL/DE), Kirtland AFB, NM

Introductory Vu-graph giving title and Author Names

Please Note:

This is very high level presentation and is tutorial in nature and does not
provide any significant technical details. Nearly everything in this presentation
has already been cleared in previously cited reports, books, or presentations.
Although the subject title is High Power / HEL Lasers, most of the topics
matters discussed / presented are commercial use and are part of open literature
throughout the world in the laser field
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IV.. W a' Real HEL's Uses and Needs .,...

Military uses

Imaging / remote sensing / "star wars" (ABL)
homeland defense / theater missile defense (TMD)

Requirements: High Powers (> 10 Kw) nd BQ B= A PIP'
High Brightness = B (watts/sr) 4 X2

Most Difficult = HEL, BCS & Effects

•Commercial uses
•Material cutting I welding I semiconductor mfg

[ I Needs. Excellent Reliability, Low Cost, Efficiency

SModerate-High Powers (1 - 25 KW), Eye Safe - ? (enclosed)

Desires: Affordable, Low - Low Maintenance, No Large "Logistical Trails"

List of various applications of HEL. Cited applications have been reported in
many books previously. Also, the subject matter has previosly been cleared
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U.&.AIRFORCE I

- What Are HEL's - High Energy Lasers: Examples

* BCS - Beam Control Systems: Energy on Distant Targets

- Why So Important for Military / Homeland Defense

• Basic Laser Elements for Laser Systems

- Comparison of HEL Technologies

- Gas Phase vs Solid-State vs Liquids vs Vacuum Lasers

* What's Needed to Scale Solid-State Lasers to HEL

"* Specific Commercial HEL Applications: SSL at 25 KW ??

"* Summary / Recommendations

SStL- aE-.,-3,3,

Outline of talks - merely gives list of topics being discussed. There is nothing
classified on this vg
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V 1970 Laser Technology
US.AIRFORCE Where Are We Now and Where Going ?

Carbon Dioxide Lasers at 10.6 [i GDL - Gas Dynamic Laser - 1969

"THUMPER"- 1972 67 KW, N20 / CO =ý 10.6 pm CO2 "

100 Kjoule - C02: 10.6/pm

a n. versusPatel
I "~cw Laser Action on V-R Transitions of CO"

300 KV, Electron Beam Phys. Rev, 116 (1964)
Sustained Discharge

I SL.HFL•-A4 11'J 0Km- C-

Photographs of carbon dioxide laser developed in 1972. Also, a GDL - Gas
Dynamics.Laser - developed in the late 1970. None of this is classified and has
been reported / illustrated in book back in the 1970's. DoD does not work on

such laser since the mid - 1970's.
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"V:• Advanced 1970- 2000 HEL Devices

Chemicaln(C! Oxgnr .__

L!Scaling Solid-State Lasers vs Gas Laser: Is There a Future SSL Candidate

This vg is very similar to the previous vg and has been cleared in previous
cleared presentations. Photographs of HF ALPHA chemical laser produced
during the 1970's and closed down officially last year. Other photos ar of COIL
laser and is picture previously cleared. The last right hand corner photo is
photograph of low power (< 10 watts) of semiconductor diode array. None of
this is classified and has been reported / illustrated in books back in the 1970's
and 1980's

j~pp 
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Beam Control Requirements - System Configurations

Drastically Different for Implementations and Applications

TarOuS I-HE -platforms

Illustrates conceptually how laser beam would be transmitted out of various

platforms. Several of these pictures appear or have appeared on the AFRL/DE

web page.

S6
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Beam Directors Come in Many
Shapes and Sizes

Starfire Optical Range . .
3.5 m Telescope

Sealite Benin Director at

WSMR/HELSTF [LM/L

SAi__rborne Laser P&T

I SSL-IIEL-,.7134 • -.

Shows pictures of former high energy lasers. Shown previously in many articles
such as Aviation Week and also on AFRL/DE web page.
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Y4 Essential Aspects to BCS - Beam •
Control Systems for HEL Use

•c~j Target
S• Effect

'•="•"BCS Function

SBeam Directors. Transmitter * Expand the beam
BCS - Beam Control Systems] * Point the beam

ISSL-IIE1.-•./34 -.t~d ?

S~Illustrates a BCS - Beam Control System and the parts used. Commonly show
in technical journals.



L Functions Required
Today's Technology

Sensors: FBrightness
"Beam Control B--= Ps__2 SR
* Tracking _ 4t

Lasers: Beam Control Beam Director

* High Energy Laser (Local Loop): (Target Loop):
* Illuminator Laser • Beam transfer Large angle pointing

* Jitter control * Collects Track Image

VG shows schematic diagram of various parts of beam control systems. This vg
has previously been cleared plus has been shown / described in many technical
proceedings - especially the SPIE - Society for Professional and Industrial
Engineers

9



What Causes Jitter in Local Loop & Target Loop?

Power Spectral Density
F-15 Angular Vibrations

Aircraft Vibrations due to

flight through turbulence, n,16'

motors, jet noise. 101

Acoustics caused by engines 110 102 03 do
& Local Air Flow over , Frequency (tiz)

aircraft skin. •

Need angular and linear vibration data]

Target Loop (Beam Director) li.,3 Power Spectral Density
0 .14F • . ... o f A tm o sp he re

Jitter in propagated light beam due ,614 -. o A
to atmospheric turbulence - * 10

atmosphere acts as various 617
sized lenses Co1/,

10"1 100 101 102 103

I M.HEL-I8M Frequency (Hz) C -'1

Again this vg is based on information which has been cleared previously. It is
meant to shown that the PSD (Power Spectral Density) of vibrations on fighters
plus commercial aircraft have behaviors shown above on right hand side of the
vg. This information can be obtained from various government reports on
unclassified information about fighter aircrafts. Its main purpose is to show how
aircraft components vibrate while they fly through the air.

10



A High Bandwidth Local Loop
Will Reject the A/C Jitter

Uncorrected jitter is
69 inch dia spot

R110-4

'I 0-5 1400 Hz bandwidth

I •44 girad to 0.3 gtrad

Corrected Spot
R 0.3 microrad 1400 Hz due to a/c jitter
S7 - - -Is 0.47 in dia.

0 0 0 e 0 i SOTA BCSBandwidthControl]
N -Wr -Hzj I =1- 2 pm HEL Lethality

F S-C FDisturbance-- Residual

j Mirror Servo-Control " Steering Mirror

VG shows how using a servo-mechanism often described in college textbooks
can be used to compensate for the vibrations induced into a standard beam
control system (BCS). It just shows the a sport size can become small when a
servo-mechanism system is sued having a bandwidth of 1400 Hz. Such
information can be obtained from open publications like SSPIE -Society of
Professional Engineers.

11



V Basic Elements for Laser Systems

Energy Source
* Chemical a Electric
• Nuclear e Solar - . "V

Laser
Vop Gain Medium

b. .. l,•o,, .- Resonators1

Thermal Management

0 Convection e Diffusion Controllers

/ "•• •-Gain I!,M

\ Chemical Laser " Solid State Laser - vafritlons

EDL - Electric Discharge Fiber Laser
~.. A Hybrid E-C Laser Semiconductor

-. ,• •.. Photolytic Laser rf-wg Laser
'" 5 Nuclear Pumped Laser

Beam Clean-up
ThemalM~tKey to Achieve Good B

Lists all basic elements for lasers - provides audience for talk overall view of all
aspects of laser devices. This is reported in many textbooks.
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I Generic Types of Laser Technology

- Similarities and Differences -

Gash Vwet~ \ Low Poler ' IiaJ

* Chemical Lasers •7l0 0 1 Semiconductor Lasers

• Electric Discharge Lasers • Organic Injection Electric Laser

* Photolytic Lasers i* Diode Pumped Gas Lasers
* Hybrid Electro-Chemical Laser • Liquid Lasers 7

*Explosively Excited Lasers *Free Electron Laser

* Solid State Lasers[ ' Nuclear Pumped Lasers sA4/

[Fiber Lasers ' . Solar Pumped Lasers

Lists all types of laser technologies used for various power regimes - all this
information is recorded in standard textbooks on lasers

13



V': High Brightness HEL 's •

" Chemical HEL Devices
"• HF / DFT Supersonic Laser - 2.7 / 3.7 jim ,:•--"• s\

" COIL - Chemical Oxygen Iodine Laser - 1.315 m asrs

- Nd* EDL - Electric Discharge Lasers
, C02 / CO - 10.6 / 5.0 Lm rfwaveguide Lasers
- Exeimers - KrF / XeF - 0.248 / 0.351 em

"• Photolytic HEL Devices

L PIL - Photolytic Iodine Laser - 1.315 exm

SSL - Solid State Laser / FL - Fiber Lasers
- Nd:YAG - 1.06 Vxm - Heat Capacity Devices (Nd: GGG)

- Yb: YAG - 1.03 jim - Slab Lasers

- Er' doped fibers - 1.55 gm - High Intensity Diode Pumped

&SSLHEL..I,.4rl

L ist of all types of laser technology and specific examples. Commonly shown in

laser textbooks.
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Chemical HEL 's -- Gas Phase
S........ High Energy Laser Systems

Chemical HEL Devices
- HF / DF Supersonic Laser - 2.7/ 3.7 jim - H2(D2) / F2 = HF (DF)

- COIL - Chemical Oxygen Iodine Laser - 1.315 im - H20 2 / Cl2 /12 > 02* - I

All Employ Convective Supersonic Flow for Thermal Mgt

Lasing Species] -0 0

.\ o.296KJ/KG 0 ,-Ib/sec-

8=100_ 200 watts/cm 2  
-/

tja Laser Output

Schematic diagram (generic) of use of supersonic flow to produce high power
lasers - technology used in all types of chemical lasers. Technology developed
in 1970 and early 1980s. Reported in literature and textbooks.
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Y#0, Chemical Oxygen Iodine Laser 1
COIL Laser

•CHEMICAL OXYGEN IODINE LASER, COIL1.5 iI*LsrBa

S - Based on CHEMICAL PRODUCTION Of O2(a'A) metastables

- 0 2(a1 A) produced from heterogeneous KOHIH 20 2/C12 mixtures:

C12 + H201 + OH-1 -- O2(a'A) + H20 + C"

- Energy Transfer and Laser:

02(a'A) + 1(2 P 2) -- I*(2P V) + 02(X3ZF), AE = 279cm-1

1*(2P1) + hv 3 1(2p32) + nhv (laser 1.315 gm)

SSM.IIEL- M.I434 CI.u. -

Schematic of basic COIL laseer showing all basic parts. Lower half shows basic
kinetics of system for COIL laser All of this information has been cleared
previously

16



LL&AIPMo, AIRBORNE LASER - ABL DY"

BMC41 Laser Fuel
"- Autonomous Tgt Acquisition (3600) 20-40 Shot Magazine
- Passive IR Surveillance Sensor -Commercial Grade Chemicals
-Active Ranger

Chemical Oxygen-
Iodine

Laser (COIL)

Beam Control System 747F Aircraft
* Nose-Mounted Turret * Rapid World-Wide Deployability
* Adaptive Optics for Atmospheric * Air-to-Air Refuelable

Compensation -6 Hour Unrefueled Loiter Time

SSL.IIEL.-4-1,34 Cl1 d - .?

* Schematic of COIL laser copied from ACC previously cleared presentation

17



Y CHEMICAL OXYGEN IODIE
"O LASER (COIL)

OXYGEN IODINE INJECTED AT

GENERATOR SUPERSONIC NOZZLE

1 PEROXIDE(MOH + H202) 1 e

WTR GAIN

SALT . GENERATOR

ON-BOARD WASTE IO Ba

1./m"AE PRESSURE

OUTPUT BEAM 
SYSTEM

EXHAUST GASES

OVERBOARD

SSLWIEL-.0.IW *-4

Schematic of COIL laser copied from ACC previously cleared presentation

Every aspects of this technology has been cleared and may have been shown on

CNN

18



Why Is COIL Such Great Laser

Low Pressure < 10 Torr => Small Refractive Effect

input Laser Gain otu

Medium

SExcellent 
BQ < 1.1 x Diffraction Limited

Beam Control System 198 -35 KW "ROtOCOIL

)-PrimaryMirror I= _Si 2 SR_

-4 ),2 •2 0 =-1.22 *-_X

COIL at X = 1.315 g-tm = High Brightness I

Splus Excellent Atmospheric Transmission

SSL-IIEL- 8 J.. 2002 Iand Single Wavelength

Description of why COIL system is very good. All information has been
described in open literature previously

19



lyig Brightness HEL 's
Ul.So AIR POCA•J

• Chemical HEL Devices
* HF / DF Supersonic Laser - 2.7 / 3.7 pm

- COIL - Chemical Oxygen Iodine Laser - 1.315 pim

* EDL - Electric Discharge Lasers
' CO 2 / CO - 10.6 / 5.0 vm
* Excimers - KrF / XeF - 0.248 / 0.351 pm

* Photolytic HEL Devices
- PIL - Photolytic Iodine Laser - 1.315 gm

SSL - Solid State Laser / FL - Fiber Lasers
-A Nd:YAG - 1.06 pm - Heat Capacity Devices (Nd: GGG)

' Yb: YAG - 1.03 gm - Slab Lasers

Er' doped fibers - 1.55 pm - High Intensity Diode Pumped

SSL...EL-... .Diode Pumping c.-,r

List of all types of laser technology and specific examples. Commonly shown in
laser textbooks.

20



S 1 KW Yb: YAG Laser: 1.03 microns
US.0UR FORCEI

CSolid-State Slab Lasers
iYb:YAG

241 n

Diode Array p osite,

.... .. .. . .. . ... . Y b Y A .o ...... ..a er H a

• :r- '-"- ...• ..... . D im e n si on s : •
SILens Duct [ Opptics for Cavity : , 24" Long

S.... : -:'-".,, ••]1 Compensation 6.7511 .......
S.... •• •,, •.,. 2.51 High

I$$L-HEL--#-21/34 Ckac~ud-"

Th s photograph of typical slab solid-state laser system using Yb:YAG as the laser gain medium. Identified
parts are various parts of the laser system. All of this information has been shown in technical articles
published by various universities and companies plus work in Germany, France and Japan.

21



Status of Laser Technology•" ...... ,Options for Laser Users

To date the only viable HEL option has been a Chemical Laser
-Chemical Lasers: COIL., HF, DF, (CO2)

-Platforms: ABL, THEL, SBL, ATL

Why have Electric Lasers not been a viable option?
*Low-costo Future

Needs ' Capable Scalable * *Rellable
Modules -High Efficiency

*Compact Package

Laser Diffraction Diffraction Status and Lessons Learned
Limited Limited
Watts per lb $ per Watt

COIL 50 50 DEW by combining modules,
BUT

"fits in space -affordable?" Run time depends on fuel available.
available?"

Bulk Solid- 1 2000 KW near diffraction limited,
State BUT

"Bulky, non- "expensive!' Bulky, complex and expensive
integrated!' 'not modular?." Unreliable operation. ,'O&t \

VG shows various cost for diffraction limited COIL laser versus that of bulk
solid-state lasers. In addition, it also lists the weight of COIL and solid-state
laser per watt of laser power. Such information has previously been reported in
SPfE publications plus scientific conferences.

22



Thermal Management for Scaled SSL

D•iffusion Rates - Thermal Conductivity

Minimize Aberrations - Stress

Critical Enabling Technology:
"* Advanced SSL Materials with

High Thermal Conductivity
"* Clever Methods to Remove Heat -

e.g., "Micro-Heat Pipes"

List parameters which determine the thermal management in solid-state lasers.
Also lists critical enabling technologies needed to scale solid-state lasers. This
information is commonly listed in Solid-State Laser Engineering like the
textbook by Dr. Koechner which was published more than 10 years ago

23



Ž~S.HPSSL Energy Budget -25 KW
- Average Power Laser Device--Example

25 kW (3 sec) Solid-State with BQ < 1.2, SR • 0.7

Beam Control .--. 75 KJ
/ •=0.9 26 -= KW

Fuel
4.9 MJ 83.3 .3 KJ

[, 741KJ 667KJ 333KJ

I Electal Dca iode Pump Laser Head 250 KJ Heat Storage
Generator - PowerlStorage .• Lasers T14.25

Tl=O.15 ii=O,90

4.2 MJ 74.1 KJ 333 KJ 258 Ke

Hea Heatio
Rejection to Heat Heat -. _ to Environment > 665 KJ

IEnvironment Storage Storage "

Bottom Line: Increase All Component Efficiencies

VG shows hypothetical example of energy budgeting for 25 KW average power
solid-state laser. All of the numbers are made up to show how one would
analyze such a system The approach is similar to that shown in thermodynamic
textbooks accounting for all of the energy consumed in a total system. The
analysis described / shown is made up and is not associated when any solid-state
laser that anyone in the world has. Everything is unclassified in this hypothetical
vg.

24



V Major Aspects to High Avg Power (HAP)
0 ........ 4 Solid-State Lasers

"Materials - Bulk Gain Medium & Optics
- Thermal Conductivity (eg, Japan's ceramics & GE thin disks)
- Higher Dopings

- Isolators (Faraday rotators)

- Growing large crystals
" Architectures

- Thermal Mgt Approaches
- Bonding Techniques - Gain Matl - Cooling Structures

"* Resonators - Efficient Energy Extraction
- Supergaussian, Unstable Resonators

- Saturate Gain Medium, Uniform Intensity
"* Infrastructures

- Power Supplies & Heat Exchangers

MWMLýZS4 .. Need Detailed M&S

VG lists all of aspects for a solid-state laser system including information
commonly show in textbooks like Koercher's Solid-State Laser Engineering. All
of the information give various options which are commonly taught in university
laser courses.

25



1'V Features -Advantages of Ceramic Lasers :

* Scaling to large apertures active elements
large and thin (Im x im) : effectively no limit

* Low cost, mass production
* Easy to fabricate
* Gain uniformity and profile control
* Can combine activators
* Wave guide and gain profile control
* Multi-functional elements (ex. gain + sat. ab.)
* Higher Nd concentration than single crystal (provides

thinner samples for same gain giving better heat extraction)

* Fabricated Nd3+:YAG, Nd 3 +:Y20 3, Yb3+ :Y20 3, Cr4+:YAG

VG lists various features of solid-state laser systems described by Prof Ueda
from the Japan University in Tokyo, Japan. He has presented this information at
various CLEO conferences plus published the results in technical journals.

26



V %C. Ceramic Slabs and Rod
Prof. Ueda, Japan

ILS/AEC

.oIMAH O CHEMICAL KONO1HHAASG,1W_
KO N 0SHiMA CHEMICAL KONGS S Vi, OEA1M V, x

Slab: polished, Rod: unpolished
SSL-IIFL-M-27•4 C1.d -

Like the previous vg, this VG's information comes from various information and
features of solid-state laser systems described by Prof Ueda from the Japan
University in Tokyo, Japan. He has presented this information at various CLEO
conferences plus published the results in technical journals. These are merely
photographs of the ceramic lasers that they have made in Japan during the last 2-
3 years.

27



F"-JCeramics Preparation & ResultsIF

process 10 Pn size
Liquid-phase YAG crystals " P.
chemical reaction SEM i,•g. oa coran, YAG TEa I.m. of c =onw YAO
+ Short heating Nd3' and W'o• doping •r .n= grain boundry

Cr4 charge compensation

Sintering yields large grains, thin clean grain boundaries and

very few voids.

Result: low scattering (competitive with single crystals)

Source: Prof. K. Ueda, CLEO 2002

S U. S. Does Not Yet Have Capability'
0OIL.IIEL--.2L/34 c1• "-

This vg like the last two vg is based on the information provided by Prof Ueda
from the Japan University in Tokyo, Japan. VG shown synthesis process and lists
various features of solid-state laser systems described by Prof Ueda from the
Japan University in Tokyo, Japan. He has presented this information at various
CLEO conferences plus published the results in technical journals.

28



Fostering domestic laser ceramics Z'El
development for HEL programs

Nd:-YA6 - ceramnics vs sitngle crystal Material properties
a comparisons

IA _____________________-Light scattering in ceramic
IA Acievlm:.m 5m low, but still not as low as in

1.2 ... MAX 1.46 kW single crystal

AA*_ -Thermal conductivity
0 reported to be as good as in

________single crystal

a 0 . tA 1AI 2 2.6 23 2.s 4

LID pumping (k Over-all pattern
mneasured by Toshiba

-Ceramic not yet equal to
Recent kW-level laser results single crystal, but

*Ceramnic Nd:YAG becoming competitive encouragingly close
with single crystal -Further development and

Source: Prof. K. Ueda, CLEO 2002 close comparison warranted

SS.Iý4U. S. Does Not Yet Have Capability-

This vg like the. previous 4 vg's is based on the work of Prof Ueda from the
Japanese University in Tokyo, Japan. VG shows ceramic laser performnance
compared to more conventional glass substrate solid state laser system
commonly available for more than 20 years and cited in textbooks. The
information and various features of solid-state laser systems described by Prof
Ueda from the Japan University in Tokyo, Japan. He has presented this
information at various CLEO conferences plus published the results in technical
journals.
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,,8.A1RPC !Thin disk laser principle

. pump radiation

LaserDiodeIndium >

laser beam

heatsink/ o~. miror Incorporate
" o. m Unstable Resonators i

thin disk pump radiation

- decoupling of pump absorption and reabsorption of laser radiation

- weak thermal lens

• high efficiency and good beam quality simultaneously

* Based on the work of Dr. Adolf Glesen, University of Stuttgart

SS•,L.HEL-.~lrfl'J -ku•

This vg shows the thin disk concept originally developed and demonstrated by
Prof Adolf Giesen from the Stuttgart, GE.university. All of this information has
previously been reported by Prof Giesen in various technical journals and
conferences like CLEO

30



SAdvantages of the ý
U.S/.AIRFIORCH • i

thin disk laser design

Large surface to Efficient cooling
volume ratio

Axial heat flow, Small thermal lens
thin disk

MteP High pump power density,
Multiple pump beam good pump light absorption
passes _low absorption of laser light

Laser action P, .1* Power scalability
independent of
pumped diameter 1

SSL-IEL-.Th/34 C d'

This vg like previous one is from the published work of Prof Giesen at Stuttgart
University in Stuttgart Germany. This vg shows the thin disk concept describing
the features of the thin disk solid-state lasers originally developed and
demonstrated by Prof Adolf Giesen from the Stuttgart, GE university. All of this
information has previously been reported by Prof Giesen in various technical
journals and conferences like CLEO

31



PHigh power diode laser pump arrays represent 980,nm.
This vg shosprimary enabling technology for any high averagne is

Spower, excellent beam quality, solid-state laser

anth ic journpub tion. ot Nminal how t dutrbtion of0enabling

8% 22

• technical r Cou nsumpuictions of Nmainaly10 shWs Oupth ofstr980in Bfear ln

technology of fabrication costs for low-cost laser diodes

32



V ]Electrical Contact on Array Failed
after 500 Hours

Array Good array

burned region, high electrical ruiamcet

Carbonized region 1

,SL.IIEL--.3354 C -

VG shows the failure of electrical wire contacts to laser diodes. Has been
reported in laser conferences and now be prepared for university textbooks.
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V ... .Smmary - Recommendations ,

0Gas Phase Chemical & EDL (Electric Discharge Lasers)
Operate at HEL Today

0 Solid-State Laser for HEL Have Very Significant Technical

Challenges but Very Essential for Commercial Product
0 US Significantly Behind Germany and Japan in All High

Average Power (HAP) Solid-State Laser Technology

* Key factors Improving SSL & Commercial Acceptance

- Improve Laser Diode Efficiency: 60-80 %)

- Drastically Reduce Cost of Laser Diode or Perfect New

Concepts - "Out-of-Box Thinking" : $10 / watt Today

- Strongly Pursue Thin Disk and Ceramic SSL Approaches

- Think SSL Laser Total Scientific - Engineered System

- Establish Automated Packaging of Diode Bars for SSL

Summary of talk giving main highlights. All of the cited information has either
been previously cleared on published in technical journals or reported at
technical conferences like CLEO
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